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We propose a scheme to generate hybrid Greenberger-Horne-Zeilinger (GHZ) entanglement where multiple
photons are entangled in different degrees of freedom of spin, orbital angular momentum (OAM), and path
(linear momentum). The generation involves mapping the preliminary OAM entanglement of photon pairs onto
their spin-orbit and spin-path degrees of freedom, respectively. Based on the hybrid GHZ entanglement, we
demonstrate an open-destination teleportation with multiples degrees of freedom, via which a spin state of a
single photon is teleported onto a superposition of multiple photons with the postselection technique and the
original information could be read out at any photon in individual spin, OAM, or the linear-momentum state. Our
scheme holds promise for asymmetric optical quantum network.
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I. INTRODUCTION
The study of the momentum of light has a long history
[1]. Some 400 years ago, Kepler suggested that comet tails
always point away from the Sun because light carries linear
momentum. Poynting first realized that polarized light has spin
angular momentum associated with circular polarization [2].
However, it was only in 1992 that Allen et al. recognized that
the light beams with helical phase-front carry a well-defined
orbital angular momentum (OAM) [3]. It is now well known
that linear momentum and both spin and OAM represent three
different degrees of freedom (DOF) of single photons and each
can be exploited for encoding quantum information defined
in different Hilbert spaces [4,5]. Moreover, their connection
with contemporary physics possibly began in the optical
implementation of quantum entanglement based on the photon
pairs produced by spontaneous parametric down-conversion
(SPDC) in quadratic nonlinear crystals [6–9]. Quantum entan-
glement lies at the heart of the Einstein-Podolsky-Rosen (EPR)
paradox and of many quantum information protocols [10]. The
discovery of teleportation in 1993 revealed the possibility of
transferring a quantum state of a photon without transferring
the state carrier itself [11,12], which plays an important role
in a number of quantum computation protocols [13,14].
Since the reporting of seminal work by Greenberger-
Horne-Zeilinger (GHZ) [15], much research interest has
been focused on multiparticle entanglement [16–18]. The
incentive to produce GHZ entanglement was not only from the
fundamental tests of quantum mechanics versus local realism
with nonstatistical predictions but also from their applications
in new quantum information protocols. A fascinating example
is the demonstration of open-destination teleportation by
Pan et al. [19], which enables the teleportation of a polarization
state of a single photon onto a superposition of several other
photons. In this article, we propose a feasible scheme for
the generation of spin-orbit-path hybrid GHZ entanglement,
in which multiple photons are entangled in different DOF
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of spin, OAM, and path (linear momentum). Based on this
hybrid entanglement, we further demonstrate a multi-DOF
open-destination teleportation, by which a spin state of a single
photon could be teleported onto a superposition of multiple
photons with postselection and the original information can be
read out by the spin, OAM, or linear momentum state decoded
in each photon.
II. GENERATION OF SPIN-ORBIT-PATH
GHZ ENTANGLEMENT
Our aim is to generate a four-photon hybrid GZH entangled
state such that the entanglement is defined among the OAM
of photon a, the linear momentum of photon b, and the
spin of both photons c and d. To do this, it necessitates one
spin-orbit and one spin-path hybrid entangled photon pair to
serve as the quantum channels, in contrast to the common cases
with polarization entanglements. Hybrid entanglement defined
between different DOF of a photon pair, as a new resource of
quantum information science [20,21], has been employed to
demonstrate the teleportation of a controllable OAM gener-
ation [22] and the violation of a Bell inequality [23,24]. We
create both spin-orbit and spin-path hybrid entangled photon
pairs from the preliminary high-dimensional OAM entangled
photons pairs. It can therefore take the advantage that the OAM
entanglement, due to the phase-matching condition in SPDC,
occurs more generally than the polarization entanglement.
The proposed experimental scheme is illustrated in Fig. 1.
A femtosecond ultraviolet laser is weakly focused and suc-
cessively passed through two barium bismuth oxide crystals,
where the type I noncollinear SPDC are done and two photon









C,−|〉b| − 〉b′ |H 〉b|H 〉b′ . (2)
where |〉 denotes the OAM eigenstate associated with helical
wavefront of exp(iφ) and C,− denotes the probability
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FIG. 1. (Color online) The proposed experimental setup for
generation of a spin-orbit-path hybrid GHZ entanglement (see the
text for details).
amplitude of finding a signal photon with an OAM of h̄ and
an idler photon with −h̄, while |H 〉 denotes the horizontal
polarization. One can see that both Eqs. (1) and (2) exhibit
high-dimensional OAM entanglement but no polarization
entanglement.
The key point of making the spin-orbit-path hybrid GHZ
entanglement is to transfer or map |〉a,a′ and |〉b,b′ to a
hybrid spin-orbit and spin-path entangled states, respectively.
The entanglement transfer is implemented with the aid of the
q plates and computer-generated holograms. At this point, we
briefly explain the effect of a q plate on the photons. A q
plate is a particular example of a Pancharatnam-Berry phase
optical element. The orientation of the optical axis in the polar
coordinates can be described by α(φ) = qφ + α0, where q
denotes the charge of the singularity of the q plate and α0 is
equivalent to an overall rigid rotation of the q plate [25]. The
effect of a q plate on an incoming photon with an OAM of mh̄
can thus be described by an operator [26]:
Q̂(q) = |R,m + 2q〉〈L,m| + |L,m − 2q〉〈R,m|, (3)
where |L〉 and |R〉 are left- and right-handed circular po-
larizations, respectively. Recently, such a spin-orbit trans-
ferrer [27] has been introduced to demonstrate some attrac-
tive applications, such as optimal quantum cloning of an
OAM-encoded qubits [28], hybrid entanglement generation
[23,24], and hybrid entanglement swapping [29]. Similarly to
Refs. [23,29], to generate the spin-orbit hybrid entanglement
between photons a and a′, we direct photon a′ to one q
plate (QP) followed by a single-mode fiber (SMF). This




(| + 1〉a|R〉a′ + | − 1〉a|L〉a′). (4)
Here a q plate having q = 1/2 has been used to get an OAM
increase of ±h̄ such that state of Eq. (4) will appear with
a higher probability than others of high-order OAM modes,
namely |C1,−1|2 > |C,−|2 ( > 1) [30]. One can see that the
spin of photon a′ is now linked and entangled with the OAM
of photon a.
While for photon pair b-b′, our aim is to map the OAM
entanglement onto their spin and path degrees of freedom by
virtue of one q plate and one additional computer-generated
hologram (CGH). The hologram is similar to a diffraction
grating but with a h-pronged fork dislocation at its center [31].
After illumination with a plane wave, the first-order diffracted
beam has a phase structure of exp(ihφ) and therefore an
OAM of hh̄ per photon. In our configuration, such a hologram
operates in reverse such that when the incident beam is already
helically phased, exp(i0φ), the ±1 diffracted order has phase
structures of exp[i(0 ± h)φ], respectively. If 0 ± h = 0,
then the diffracted beam will be flattened and therefore can
be efficiently coupled to a single-mode fiber (SMF). In other
words, when the original information is encoded by an OAM
state residing in a two-dimensional subspace spanned by
| + 1〉 and | − 1〉, the hologram of h = 1 along with the SMF
postselection will transfer this information to a superposition
state of two diffracted paths of |k+〉 and |k−〉, where |k+〉
and |k−〉 denote the linear-momentum states associated with
±1 order diffracted paths, respectively. Thus, the effect of
hologram can be formulated by an operator,
Ĥ (h) = |k+,0 + h〉〈0| + |k−,0 − h〉〈0|. (5)
As shown in Fig. 1(a), after interaction of photon b′ with a
QP of q = 0.5 and photon b with a hologram of h = 1, the
state of Eq. (2) will be modified to





C,−(|k+, + 1〉b + |k−, − 1〉b)
⊗ (|R, −  + 1〉b′ + |L, −  − 1〉b′ ), (6)
The following SMF in each arm exclusively selects the
fundamental modes with zero OAM and therefore makes




(|k+〉b|L〉b′ + |k−〉b|R〉b′ ). (7)
One can see that the OAM entanglement is now mapped
onto the spin of photon b′ and the path of photon b. In contrast
to previous open-destination teleportation with polarization
entanglements [17,18], here we have two different hybrid ones




(| − 1〉a|L〉a′ + | + 1〉a|R〉a′)
⊗ 1√
2
(|k+〉b|L〉b′ + |k−〉b|R〉b′ ). (8)
As shown in Fig. 1, photons a′ and b′, each from one
hybrid pair, are sent to a quarter-wave plate (λ/4) that
converts left- and right-handed circular polarizations to the
horizontal and vertical ones, respectively. After that, they
are steered to a traditional polarization beam splitter (PBS)
that always transmits a horizontally polarized photon |H 〉
while reflecting a vertically polarized one |V 〉. We assume
the path lengths of each photon have been adjusted so photons
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a′ and b′ have good spatial and temporal overlap at PBS,
and therefore the coincidence detection between two outputs
of the PBS assures that either both photons a′ and b′ are
horizontally polarized or both vertically polarized. If they
are both horizontally polarized, then the reminders, a and
b, will be | = −1〉a and |k+〉b, respectively, and therefore
the four photons are of |H 〉a′ |H 〉b′ | − 1〉a|k+〉b. And if a′
and b′ are both vertically polarized, the state of four photons
becomes |V 〉a′ |V 〉b′ | + 1〉a|k−〉b. Thus, a fourfold coincidence
detection after the PBS projects the four-photon state of
Eq. (8) onto a subspace spanned by |H 〉a′ |H 〉b′ | − 1〉a|k+〉b
and |V 〉a′ |V 〉b′ | + 1〉a|k−〉b, and we then able to postselect
from the state of Eq. (8) a renormalized state,
|〉GHZ = 1√
2
(|H 〉c|H 〉d | − 1〉a|k+〉b
+|V 〉c|V 〉d | + 1〉a|k−〉b). (9)
The hybrid GHZ entanglement is defined among the spin of
photons c and d, the OAM of a and the linear momentum of
b, each of which has no real properties of their own, until it is
measured.
III. MULTI-DOF OPEN-DESTINATION TELEPORTATION
The original teleportation involves using a pair of en-
tangled particles to transmit the quantum state of a third
particle [11,12]. But open-destination teleportation uses multi-
particle GHZ entanglement to teleport the property of a single
particle onto several other particles of the same property [19].
In the present case, we have a spin-orbit-path hybrid GHZ
entanglement so we can realize a multi-DOF open-destination
teleportation, via which the original information can be read
out with postselection technique at any photon in individual
DOF of spin, OAM, or linear momentum, depending on our
choice.
The original information is encoded as the spin state of
another photon e, |ψ〉e = α|H 〉e + β|V 〉e. Thus, the combined
state of five photons can be written as
|〉 = 1√
2
(| − 1〉a|k+〉b|H 〉c|H 〉d + | + 1〉a|k−〉b|V 〉c|V 〉d )
⊗ (α|H 〉e + β|V 〉e). (10)
The key point is that quantum mechanics allows us to rewrite
Eq. (10) in terms of the Bell states of photons d-e, which
reads,
|〉 = 12 |	+〉de(α| − 1〉a|k+〉b|H 〉c + β| + 1〉a|k−〉b|V 〉c)
+ 12 |	−〉de(α| − 1〉a|k+〉b|H 〉c − β| + 1〉a|k−〉b|V 〉c)
+ 12 |+〉de(α| + 1〉a|k−〉b|V 〉c + β| − 1〉a|k+〉b|H 〉c)
+ 12 |−〉de(α| + 1〉a|k−〉b|V 〉c − β| − 1〉a|k+〉b|H 〉c),
(11)
where |	±〉de = 1√2 (|H 〉d |H 〉e ± |V 〉d |V 〉e) and |±〉de =
1√
2
(|H 〉d |V 〉e ± |V 〉d |H 〉e) are the four Bell states. Equa-
tion (11) tells us the principle of the multi-DOF open-
destination teleportation: When d and e are subject to a
joint Bell-state measurement (BSM), a, b, and c will fall
into one of the four corresponding states. In spite of the
difficulty in unambiguously identifying |	±〉de and |±〉de,
it is, however, sufficient to project photons d and e onto
|−〉de by superposing them at a nonpolarizing beam splitter
(BS) and registering coincidence counts between the outputs,
shown by the BSM inset in Fig. 1. Correspondingly, the
original information is teleported onto the superposition state
of photons a, b, and c,
|〉abc = α| + 1〉a|k−〉b|V 〉c − β| − 1〉a|k+〉b|H 〉c. (12)
Experimentally, this projection is actually a postselec-
tion corresponding to the case where all five detectors
of photons a, b, c, d, and e fire simultaneously, which
is usually achieved by coincidence logic for all detectors.
The information can be further read out at any photon by
performing local measurements on the other two photons.
For example, if we perform a path analysis on photon b,
|ψ〉b = 1√2 (|k+〉b + |k−〉b), and a polarization analysis on
photon c, |ψ〉c = 1√2 (|H 〉c − |V 〉c), then photon a is left in
the state, |ψ〉Tele = α| + 1〉a + β| − 1〉a , implying that the
original polarization of photon e is now teleported to the OAM
state of photon a. As illustrated in Figs. 2(a)–2(c), the spin
analyzer, |ψ〉c, consists of one −22.5◦-orientation half-wave
plate (λ/2) and one horizontal polarizer (P). The path analyzer,
|ψ〉b, is realized by an interferometer with equivalent paths,
while the OAM analyzer is realized by cascading one angular
phase sector and one SMF, which approximately projects
photon a onto |ψ〉a = 1√2 (| + 1〉a + | − 1〉a) [32]. Assuming
that the original information is specified by |ψ〉e = 12 |H 〉e +√
3
2 |V 〉e, the corresponding readouts in the spin state of c,
the OAM state of a, or the linear-momentum state of b are
theoretically predicted in Fig. 1(d), in which the same density
matrix, although residing in different subspaces, indicates
the successful multi-DOF open-destination teleportation. Of
particular interest is that such an open-destination teleportation
could be used for an asymmetric optical quantum network
where the different communication channels are characterized
FIG. 2. (Color online) [(a)–(c)] The setups for local projections
on photons. (d) predict correspondingly the density matrix of
readout information at any photons with different subspaces spanned
by individual spin, OAM, or a linear-momentum state, where
u = | − 1〉a,|k+〉b or |H 〉c and υ = | + 1〉a,|k−〉b or |V 〉c.
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by different properties of photons. In such a way, one could
adopt the suitable DOF with larger robustness to transmit the
information along the channel. For example, in free-space
communication links, OAM easily decohere by the atmo-
spheric turbulence [33], but the atmosphere is not birefringent,
so random polarization rotations are not an issue. Optical fibers
are birefringent, which severely limits long-distance quantum
communication with polarization qubits but preserves spatial
modes [34].
IV. CONCLUSION
We have proposed the creation of spin-orbit-path hybrid
GHZ entanglement, in which we demonstrated the multi-DOF
open-destination teleportation that a spin state of a single
photon could be teleported onto a superposition state of
multiple photons with postselection and the original infor-
mation can be read out at any photon in individual spin,
OAM, or linear-momentum state. Our scheme holds promise
in the asymmetric quantum communication with different
communication channels characterized by different properties,
where a suitable degree of freedom (e.g., spin, OAM, or
linear momentum) can be adopted for transmitting quantum
information with larger robustness along the channel.
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